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• create irreversible transports of mass, biomass, and nutrients and momentum that are difficult to parameterize in coastal circulation models.
Because of the multiplicity of smallscale processes and their complex nature, the prospects for sorting out their contributions to the larger-scale coastal circulation has seemed daunting. However, over the past decade, significant progress has been made in understanding finescale and turbulence dynamics over continental shelves. Targeted efforts using modern, rapid-sampling shipboard and bottom-mounted instrumentation have provided detailed observations leading to a better appreciation for the role of small-scale processes in the coastal ocean. Such efforts have allowed for quantitative assessment of turbulenceclosure models for some specific cases, such as the tidally mixed Celtic Sea (i.e., Simpson et al., 1996) and bottom boundary-layer turbulence on the Oregon shelf (i.e., Kurapov et al., 2005b) , and they have offered the potential for improved turbulence parameterizations (i.e., MacKinnon and Gregg, 2003a) .
Here, we provide examples from our work over Oregon's continental shelf.
NEW PErSPECtIVES ON CrOSS -ShELf StrUCtUrE
It is difficult to obtain a satisfying measure of the detailed structure of coastal flows because • the structure is three dimensional;
• the scales are O(10 km) in the crossshelf dimension and larger in the alongshore dimension;
• they evolve on a range of time scales, including that of changes in the surface wind field, and from both observational and dynamical perspectives, on tidal and near-inertial time scales.
AbStr ACt. Varied observations over Oregon's continental shelf illustrate the beauty and complexity of geophysical flows in coastal waters. Rapid, creative, and sometimes fortuitous sampling from ships and moorings has allowed detailed looks at boundary layer processes, internal waves (some extremely nonlinear), and coastal currents, including how they interact. These processes drive turbulence and mixing in shallow coastal waters and encourage rapid biological responses, yet are poorly understood and parameterized. The work presented here represents examples of efforts by many physical oceanographers to quantify small-scale, coastal-mixing processes so that their effects might be included in regional circulation models. figure 1. Kelvin-helmholtz billows recently generated in a 30-m amplitude nonlinear internal wave propagating from left to right. The bright scattering layers trailing the wave trough are likely due to sound-speed microstructure. Such clear visualization of coherent internal structure is rare. It has also led to reasonable speculation that the deeper scattering layers in this image are associated with a similar phenomenon, but of smaller scale and more explosive growth. Adapted from Moum et al., 2003 To obtain detailed observations of cross-shelf structure, perhaps the best we can do is to sample a fixed line across the shelf as rapidly as possible and consider the hypothesis that the flow is two dimensional. A sequence of crossshelf transects at 11-20-h intervals were made with this in mind in late spring 2001 (during the CoOP-sponsored COAST program). Density/turbulence profiles were made directly from near the surface to the seafloor (within 2 cm of the bottom), allowing a detailed look at the structure and evolution of not only the coastal jet but also the bottom Ekman layer (Figure 2 ).
bOttOm EKmAN LAyEr
Although several important aspects of the coastal jet and the Ekman layer appear in Figure 2 , we focus first on the fluid in the bottom boundary layer and interpret its motion in terms of basic Ekman dynamics, which dictates that the cross-shelf movement is determined figure 2. Evolution of the flow on the shelf showing coastal upwelling, its relaxation, and resumption. Summary of alongshore currents (V, lefthand column), turbulent dissipation rate (ε, middle column) and turbidity (880-nm optical backscatter measurements, right column) from an eightday period in may/June 2001 during which 12 transects were made across the Oregon shelf off Cascade head. Isopycnals are plotted over each image, the deepest isopycnal highlighted as an indicator of cross-shelf motion of the bottom boundary layer. relative wind stress averaged over the 24-h period preceding each transect is shown to the right (upwelling-favorable down). The relative time of each transect is shown in the leftmost column, starting with 0 h at the beginning of the first transect. Adapted from Perlin et al., 2005a solely by the bottom stress in the alongshelf direction (north-south off Oregon). (Trowbridge and Lentz, 1991) . This process has been implicated in oceanic frontogenesis (Thomas and Lee, 2005) and in the formation of slippery bottom boundary layers predicted from laboratory and numerical experiments (MacCready and Rhines, 1993 . biological reaction to passing solitary waves on the Oregon Shelf. The image was constructed from hull-mounted acoustic backscatter measurements (120 khz) over hecate bank. The seafloor is seen as a hard (red) target at 112-m depth. Near-surface scattering (likely from zooplankton) shows the passage of a sequence of nonlinear internal waves of depression that propagate along a near-surface thermocline, the first at about 14:12. Prior to the passage of the first wave, there is a relatively horizontal scattering horizon at 60-m depth. following this, the layer appears to oscillate vertically, moving upward to meet the second wave at 14:20. If we can consider this layer as a contiguous assemblage of zooplankton or small fish, they appear to have swum upward across isopycnals (not shown here) very rapidly (tens of cm s Summertime stratification over Oregon's continental shelf provides a near-surface waveguide that supports waves of depression, examples of which are shown in the uppermost panel. many of the waves' properties can be measured from ship. high-frequency acoustics helps visualize the waves' structure. The dots represent times at which vertical profiles of density and turbulence were obtained through an isopycnal. The temperature structure immediately above and below that isopycnal is indicated in the second panel, beneath which are shown the temperature fluctuations and high values of the turbulence kinetic energy dissipation rate (ε) due to the passage of the waves. In contrast, wintertime stratification provides a near-bottom waveguide that supports waves of elevation. Although these waves can also be measured from ship, they are perhaps best observed from sensors mounted on the seafloor. The lower panels show records from an upward-looking acoustic doppler current profiler and an acoustic doppler velocimeter, both mounted at 1-m height above the bottom. horizontal velocity is in the direction of wave propagation (roughly onshore). The velocity at 1-m height is derived from the velocimeter measurements and the turbulence dissipation at 1-m height by scaling velocity spectra in the inertial subrange.
Adapted from Moum et al., 2003; Moum et al. 2007 their Although these waves might exhibit a surface signature in shallow water, it is comparatively weak and rarely seen (Zhao et al., 2003) . These waves are best sampled from below, where stationary, bottom-mounted landers with rapidly sampled acoustic Doppler current
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Nonlinear internal waves of depression and elevation are often seen in the coastal ocean. The terms depression/elevation imply waves that have a mode-1 structure (i.e., all isopycnals are displaced in the same direction, either down or up).
higher-mode waves also exist. here, we see an example of a wave with mode-2 structure (A) propagating onshore (to the . Thermal wind richardson number (Ri) compared to observed Ri and ε, each computed from data corresponding to the cross-shelf transect marked +197 h in figure 2 . The left panel shows inverse Ri computed using thermal wind shear alone, the middle panel inverse Ri computed from the observed shear (4-m scale) and the right panel the observed ε. The critical component of the observed shear is that due to internal waves. Clearly, the thermal wind shear does not display the structure that is observed in the turbulence, ε. Adapted from Avicola et al., 2007 jet and internal gravity waves have yet to be investigated. , considerably greater than that within dissipating nonlinear internal waves in the coastal ocean (moum et al., 2003) . The plume front is also a region of strong horizontal velocity convergence, trapping buoyant particles, steepening local surface waves, and potentially enhancing biological productivity. As the plume front decelerates, it can release large-amplitude internal waves (Nash and moum, 2005) , which may propagate 50 km offshore, further extending the influence of the river plume. . The alongshore momentum correction term required in data-assimilation models is of the same sign and magnitude as the bottom stress, suggesting that an additional momentum sink is not incorporated. This figure shows a comparison of modeled bottom stress (left) and the required correction term (right) in the Oregon shelf depth-averaged momentum budget; black lines are isobaths. because the correction is highest in regions of shallow water and rough topography, we suggest that missing small-scale physics (in particular, form drag) may be responsible for the required correction. Extracted from Kurapov et al., 2005a 
